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300 times more efficient when two photons are absorbed by the porphyrin as compared to
one-photon excitation. After the first (site-selecting) photon excites the singlet-singlet origin
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photon excites a strong triplet-triplet transition near 480 nm. The hole width at 1.4 K is
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absorption 300 cm - 1 in width. Analysis of the halomethane concentration dependence, the
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hole depth on the time delay between the site-selecting and gating light pulses confirms that
the mechanism is donor-acceptor electron transfer from an excited triplet state of the
porphyrin to a nearby halomethane molecule.
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L INTRODUCTION

The growing interest in persistent spectral hole-burning (PHB) spectroscopy is due partly

to the usefulness of the PHB technique for studying low temperature photoreactions,

dephasing of electronic transitions in amorphous systems, external field perturbations, and

other aspects of laser spectroscopy of solids [1] [21 . In addition, PHB offers the potential for

an extremely high-density optical recording technique, frequency domain optical storage [3].

While the first years of PHB research focused on single-photon mechanisms [4], the

destructive reading that occurs in these systems during hole detection has generated recent

interest in two-color, photon-gated materials. In photon-gating, two photons (of different

wavelengths in general) are required for the photoinduced change leading to high efficiency

hole-burning; only one wavelength is then required to probe the unreacted ground state

population during hole detection. Beside providing a pathway to nondestructive reading,

photon-gating also offers new possibilities for extremely high sensitivity in the detection of

subtle perturbations due to external fields [5].

The first examples of photon-gating utilized the mechanism of two-step photoionization

of the absorbing molecule or ion and subsequent trapping of the ejected electron in the nearby

host matrix [6] [7] . Two-step photodissociation of photoadducts of anthracene and tetracene

has also been shown to lead to photon-gating [8]. In this paper, we report the results of a

mechanistic investigation of a new class of photon-gated PHB systems utilizing photo-induced

donor-acceptor electron transfer (DA-ET). The specific donor molecules are derivatives of

tetrabenzoporphyrin: meso-tetra(p-tolyl)-Zn-tetrabenzoporphyrin (TZT) and the magnesium

analog (TMT). The acceptors are any of several halomethanes: methylene chloride,

'.04



-2-

chloroform, and methylene bromide. Previous one-color hole-burning studies of DA-ET have

been performed on charge transfer complexes of Zn and Cd-porphayrins with pyridine radical

anion dimers [9] [101 [111 [121 and involve transfer of an electron from the pyridine dimer to

the excited metalloporphyrin. Also, two-color photochemistry has been reported in an

unspecified meso-substituted Zn-tetrabenzoporphyrin in uncharacterized poly(methyl

methacrylate) (PMMA), but no mechanism was suggested [13].

While we are concerned here with specific donor and acceptor molecules in PMMA thin

films, we believe that the basic process is generally applicable to a variety of

porphyrin-halomethane combinations in polymer matrices. Further, the goal here is to present

experimental results aimed at identifying the photon-gated hole-burning mechanism, rather

than to present an exhaustive account of all hole-burning properties for all donor-acceptor

combinations.

To provide a framework for the experimental results to be described, Figure 1 shows a

simplified level diagram for the proposed DA-ET mechanism for the porphyrin/halomethane

systems of interest here. A photon at X excites the 0-0 singlet origin of the porphyrin with

absorption cross-section a. From the first excited singlet state S the porphyrin may either

relax back to the singlet ground state S with rate k (which in general is a combination of
0 f

fluorescence and internal conversion processes) or undergo intersystem crossing with rate k I'SC

to the lowest porphyrin triplet, T, with a characteristically long lifetime governed by the rate

k. Molecules which cross to the triplet manifold may then absorb a second photon at a new
wavelength X with cross-section a and populate some excited triplet level, T Here, the

2 2 n

molecule may return to the lowest triplet with rate k or transfer the ;xcited electron to a
T-T

nearby acceptor (a halomethane molecule) with rate rTK via tunneling or other transition

state mechanisms. It is this final process which leads to hole formation, since the porphyrin
,h.,'4
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cation thus generated has relatively little absorbance at X . To minimize one-color

hole-burning via sequential absorption of two photons of X in the singlet and triplet

manifolds, it is important that there is some wavelength region where the spectral overlap of

the singlet-singlet and triplet-triplet (T-T) absorption bands is minimal. In this case, the hole

formed during two-color irradiation is much deeper than the hole formed by irradiation with

X I alone, and reading of the hole by scanning X can be quite nondestructive.

To place these DA systems in perspective compared to the larger array of DA combinations

in the literature, it is instructive to estimate the equilibrium free energy release during electron
'.

transfer, AG, using the following relation (from Reference [141):

2
AG F(EO D rd -E'r E(1)

where F is the Faraday constant, ED  is the oxidation potential of the donor, EA  is theox red

reduction potential of the acceptor, E is the electronic energy deposited in the donor by the
0,0

ph ftoexcitation, e is the electronic charge, R is the separation distance of the ion pair, and E

is the dielectric constant of the medium. Ignoring the final term (the energy of the separatd

D
ion pair) for simplicity, and using E = 0.36 eV for the unsubstituted

Zn-tetrabenzoporphyrin [151 and EA red = -1.7 eV for CHCI [16], one estimates that AG =

-0.01 eV for excitation with X only, which is not a strong driving force. However, for
1 

C

two-color excitation (using a T energy of 1.54 eV [17]), AG = -2.12 eV, which is considerably

more exothermic. Thus, the DA pairs chosen for this study may be approximately regarded

as combinations of fairly poor donors and acceptors that do not spontaneously undergo ET

from the ground state and also do not readily undergo ET under one-color excitation. On the

other hand, two-color excitation provides the donor with sufficient energy to make electron

transfer far more probable, hence the photon-gating.

4%
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In this paper, we present the results of spectroscopic and hole-burning experiments which

investigate the mechanism for photon-gated P1113 in these

metal-tetrabenzoporphyrin/halomethane/PMMA systems. We utilize the gating action

spectrum for X and the photoproduct spectrum together with measurements and simulations
. 2

of the gated PIIB kinetics to conclude that electron ejection occurs from an upper triplet level

of the porphyrin. Experiments conducted in the absence of halomethanes, together with a

' determination of the magnitude of the gating effect in samples with different

porphyrin/halomethane concentration ratios, establish the halomethancs as the electron

acceptors. Analysis of the dependence of the two-color hole depth upon the time delay

between the two excitation pulses has allowed determination of the quantum efficiency for

-u0 electron transfer per absorbed gating photon. A preliminary report of results for the

TZT/CIIC1 /PMMA system has been presented [181.

II. EXPERIMENTAL

Both TZT and TMT were synthesized using a procedure similar to that described previously

[191 [20] . An intimate mixture of potassium phthalimide, p-tolylacetic acid, and either zinc

acetate or magnesium acetate was heated to 350-360 0 C under nitrogen for two hours. The

* resulting solid material was ground and extracted successively with hot water, petroleum ether,

and chloroform. The chloroform extract was then concentrated, and the product purified by

chromatography on aluminum oxide with a (1:1) chloroform/petroleum ether mixture.

The CIICl and C1I CI were obtained from EM Laboratories (Omnisolv, glass distilled), ,3 2 2

and used as supplied. To make sure that the non-polar hydrocarbon stabilizers used in these

solvents are not responsible for the gating effect, IIPLC grade CIlCI (Aldrich) containing
3

04.a
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ethanol as stabilizer was also used; no differences in gating properties were found in samples

prepared with this solvent. The CH Br was extracted repeatedly with concentrated sulfuric
2 2

acid, then washed thoroughly with water. The organic layer was dried over calcium chloride

• ,-and then fractionally distilled under nitrogen.

Optical samples were prepared (under dim yellow light) by dissolving high-purity

monodisperse PMMA (Polymer Laboratories M =107,000, M /M < 1.10) in the chlorinated
p w fl

solvent to be used as acceptor. To this solution, a small amount of either TZT or TMT was

added. A few drops of the solution were placed on a pyrex, fused silica, or NaCi plate and

heated to 45-75 0 C (depending on the acceptor) for a few minutes to drive off some of the

solvent. The sample was then covered by another plate and removed from the heat. In this

way, samples were formed with thickness between 50Am and 125Aim. The room temperature

absorption spectrum of each sample was examined, and if the optical density at the intended

X was not in the range 0.3-1.0, the solution concentration was adjusted and a new sample1

- prepared. Acceptable samples were then place-d in an optical immersion cryostat already

containing liquid helium at 4.2 K, in an attempt to provide reproducible cooldowns. All PHB

experiments were performed at 1.4 K with the sample immersed in superfluid helium.
,0

Figure 2 shows a schematic diagram of the experimental apparatus used to burn and probe

the gated holes. A scanning, single-frequency, standing wave cw DCM dye laser (DL) with a

3 MHz linewidth was used to provide X for both burning and probing. This laser beam was

'. not focused, the beam diameter at the sample (S) was 4 mm. A Kr + or Ar + cw ion laser was

used to provide X values of 351, 413, 488, 514, 647, 676, 752, and 799 nm. This beam wasr.7 2

expanded so that the diameter at the sample was also 4 mm. The intensities of both beams

at the sample were adjusted by a combination of neutral density filters and variable

attenuators (A). Sample irradiations were controlled by mechanical sh'.ters (Sh) driven by a

t 4"

[ . .
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combination of digital pulse and delay generators (SC), providing different irradiation times

for the two colors as well as varying amounts of delay betweeni the start of the two pulses.

For reading, a signal proportional to the sample transmittance was obtained from a precision

wide bandwidth (80 kHz) ratiometer (R). The denominator signal (D) was provided by a

photodiode (PD) monitoring the DL intensity during the 0.25 s laser scan. The numerator

signal (N) was obtained from a low-noise silicon PD monitoring the intensity after attenuation

and transmission through the sample. Since the presence of a spectral hole represented a

(sometimes) small change in a large signal, the ratio output was first offset to near ground

potential by passing it through a precision digital voltage offset unit (0), before sending it to

an averaging digital storage oscilloscope (Osc). The Osc allowed averaging of several laser

scans (32, in almost all cases) to improve the signal-to-noise ratio. The digitized Osc output

was then sent to a microcomputer (PC) for storage, plotting, and analysis. Not shown in

Figure 2 are a wavemeter and spectrum analyzer (1.5 GHz free-spectral range) used to monitor

the X"I frequency and stability.

A standard burn-read sequence consisted of first setting the SC for the appropriate burn

times and delays, adjusting the laser intensities with closed shutters, executing the burn at a

*fixed X wavelength, starting the DL scan with X attenuated to the read intensity, adjusting
1 1

0, and finally, acquisition on the Osc. Typical A powers (P) were 2 gW and 10 nW for

burning and reading, respectively. The gating beam power (P2) varied with wavelength and
2

experimental requirements, but was usually chosen near 20 mW. For example, for X = 488
2

nm, the gating enhancement was largest for P = 20 mW. At lower powers, the gating
2

enhancement factor decreases presumably due to insufficient T-T excitation, whereas at higher

powers shallower and broader holes are formed due to residual absorption of the gating light

in the singlet manifold an, -,ibsequent sample heating. Hole depths were determined from the

acquired spectra first as AT,T values, where AT is the final minus the initial transmittance

0 4 .: ..: -: . . .: .-.-.-., ..; ....: .: ... -. -.. ...-. -: .2 -.-.:- .-.-.-: . .-, .-.: - : ...: -- .
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T at the laser frequency. The AT/T values were then converted to actual h,le depths Aa/a

using the approximation (valid for shallow holes)

=aa= (aL) -  AT/T (2)

where L is the sample length, a and a are the initial and final absorption coefficients at the
I f

laser frequency and Aa = a - a . The Aa/a values were then used for comparisons between

different samples and systems.

As a representative example, the 1.4 K absorption spectrum of TMT/CHCI /PMMA is
3

given in Figure 3. The positions and full widths at half maximum (FWHM) of the transitions

in the low temperature spectra are nearly identical to those observed in room temperature

spectra, attesting to a very strong inhomogeneous broadening at low temperature. In all

samples, PHB experiments were performed near the peak of the S .- S origin transition of the
1 0

porphyrin molecule which occurs near 633 nm for TMT and 631 nm for TZT. These spectral

features lie in a region which is easily obtained with a cw single-frequency Cde laser. This,

together with the high molar extinction coefficient (-10 /mole-cm) and good solubility in

PMMA, makes these molecules very convenient for studying PHB processes in thin film

samples.

*. III. RESULTS AND DISCUSSION
4 A

a

A. Photon Gating Characteristics

Figure 4 shows the gating enhancement effect of a second color using the

TZT/CHC1 /PMMA system as an example. The trace marked a) shows two holes: the shallow

hole at -5 GHz (0 GHz M 629.647 nm) is the result of a one-color irradiation for 6 s with
@4
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17AW/cm , while the deeper hole at +5 GtIz is the result of identical X conditions together
1

with simultaneous irradiation with X at 514.5 nm for 6 s with 13S mW/cm . Perhaps a more
2

dramatic demonstration of the gating effect is given in trace b), which was produced similarly

except that the one-color feature at -5 GHz (0 GHz =- 630.489 nm) was burned for 120 s.

Even after this prolonged irradiation, the one-color hole depth is still only 309'o of the 6 s

two-color hole shcwn it +5 Gllz.

Figure 5 shows the full-width at half-maximum (FWHM) for gated holes as a function of

P with consta,'t irradiation time (6 s for both X and X ) at 1.4 K for the
1 1 2

I'Z'CIIC1 ' PMMA system. For powers above 50 nW (corresponding to an intensity of 0.43

O, cm') the holes show an increasing width as the power increases. Below this power, the

hole width is constant at 2.54 ± 0.02 GHz under these conditions. In all samples studied, the

hole widths are much broader than the lifetime limited values which may be estimated to be

in the range 48-78 MHz [211 [171 ). Such broadening has also been observed in other gated

PIIB systems involvin, electron ejection [6] [22] and may be due to a combination of effects:

local inhomogeneous Stark shifts due to the electric fields induced by the formation of the

donor-acceptor pair, reorientation of the local geometry caused by the generation of ions in the

matrix [231, and,'or local heating due to non-radiative relaxation processes occurring as a

result of the electron transfer. Further study of the detailed mechanisms for the hole width

and its temperature-dependence should be considered in future work. In particular,

accumulated photon-echo measurements should be easier to perform in these photon-gated

materials compared to one-color materials, because the growth of persistent holes is much

slower for X excitation in the absence of X
1 2

It is helpful for purposes of comparison to define a semi-quantitative measure of the

photon-gating effect. We choose to define the gating ratio, G, as the ratio of the depth of a

0
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two-color hole to the depth of a one-color hole, for equal X irradiation times (6 s) and X burn1 1

intensities. That is, the presence of the gating radiation produces holes which are G times

deeper than one-color holes using identical X conditions. Using this definition, spectrum a)

* of Figure 4 yields a G of 28. Values of G depend strongly on several parameters such as the

particular donor-acceptor combination used, and more importantly on tht acceptor-donor

concentration ratio (vide infra). Representative values of G for the vrious systems are listed

in Table I. Each value was obtained for a sample with a typical (large) acceptor-donor
concentration ratio, using 6 s irradiations for both wavelengths, with P = 2 1±W and P -20

1 2

mW at X2 = 514.5 nm. Also included in the table are representative values of hole depth

Aa/a for each system. In general, the two-color hole depth and G values increase with

increasing halo-substitution and with increasing halogen atomic weight. One possibility for

this is increased triplet population due to an external heavy atom effect.

The exact values of G should not be over-interpreted because as the irradiation time is

increased, the value of G changes since the growth of both one- and two-color holes is

nonlinear in time. To illustrate this, the depths of one- and two-color holes as a function of

irradiation time are presented in Figure 6 (note the different time scales for the two plots).

As the data show, the two-color holes saturate at much shorter times than do the one-color

holes. As a result, G values from experiments with long irradiation times will be lower than

G values from experiments with shorter irradiation times. Perhaps a more fundamental

comparison of the efficiencies for one and two-color holes can be obtained from the initial

hole-burning rates, which may be measured from the initial slopes of the data in Figure 6. The

ratio of these slopes yields a value of 360, which is considerably greater than the value

presented in Table I; thus, the values in Table I underestimate the gating enhancement factor

for shorter burn times. Nonetheless, we feel that the relative changes in G values accurately

reflect the relative changes in gating enhancement from sample to sample (under identical

%
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irradiation conditions), and for this reason we shall continue to utilize G values for the

* purposes of this work. The new method described above should, however, provide a more

fundamental means of quantifying the gating enhancement factor for comparisons between

dissimilar photon-gated P1t3 systems.

The role of the halomethanes as -:ceptors was first established by the observation that G

dropped to unit) (no gating) in samples prepared in their absence by using either toluene as a

solvent or by heating the samples at 100 0C for several minutes to drive off all of the solvent.

Further confirmation was provided by experiments in which the concentration ratio of

CIICI to TZT was quantitatively determined and compared to the G values obtained. To do

this, infrared spectra were acquired over the range 600 - 700 cm on samples which were

prepared between NaCI plates, as shown in Figure 7. Trace a) shows the spectrum of a

TZT/PMMA sample prepared with toluene as a solvent instead of CHC1 • the peak at 700-'" 3

cm is a toluene vibrational mode. Trace b) is a spectrum of neat chloroform showing the

characteristic peaks in this region, and trace c) is from an actual PH-B sample

-1 -i
(TZT"CHCI 3 /PMMA). The peaks in c) occur at 672 cm and 630 cm and correspond to3

C-Cl stretching modes. By determining values for the molar absorptivities of these two

transitions (33 1/mole-cm and 1.0 /mole-cm, respectively), and using the published molar
5

extinction coefficient for Zn-tetrabenzoporphyrin [24] (c = 1.3 x 10 i/mole-cm), we were

able to measure the chloroform/TZT concentration ratio in as-prepared hole-burning samples.

The results, given in Table II, show a strong correlation between G and the CHCI /TZT ratio,3

which is reasonable if the acceptor is CIICI . As the donor-acceptor average separation
3

e. . increases with decreasing CHCI ,TZTI ratio, one would expect a concomitant decrease in the

electron transfer probability. These results also demonstrate that the photon-gating effect

3 5
depends on having large CHCI 3/TZT ratios (10 - 10 ), indicating that a relatively small

.% 3

fraction of CHC1 molecules are effective acceptors. This suggests that only those CIHCI
3 3

m%%
S..%- , . - .. . . . . . , .- - . .. - . .. . . .. , . , .. # ,' ' ' ' ,. ,.. . " ,.". . . ,"

".-,',-. . . . •. .."- .- , .-.... . . . . -. -... ,-. ,* 1 , -. . .- " . .", ', """. "-'-,',, :C,-,--k.Z ,"-r
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molecules closest to the TZT molecule are effective acceptors. In fact, the photoreaction may

also be sensitive to DA orientation, as has been suggested previously in 77 K broadband studies

of ET in porphyrin-haloalkane systems [25]. Table II also illustrates the fact that G is

effectively an adjustable parameter that can be controlled simply by manipulating the

donor-acceptor concentration ratio - a property which can be a powerful tool for tailoring PHB

systems for frequency domain optical storage applications.

B. Photon Gating Mechanism

To confirm the role of a triplet state of the porphyrin as an intermediate in the DA-ET

* process, the action spectrum of the gating light was determined by measuring G as a function

of 2 , using constant photon flux at every wavelength. In Figure 8 we show the results of this
R2

experiment (open circles) plotted together with the published T-T absorption spectrum for the

closely related molecule Zn-tetrabenzoporphyrin (solid line)[26]. Since the gating action

spectrum follows the T-T absorption fairly closely, we conclude that X, is most likely absorbed2

by T to produce the photon gating, and that the quantum yield per gating photon does not
1

vary strongly with gating photon energy.

Further confirmation that a porphyrin T-T transition is a crucial step in the photon-gated

PH1 of these systems is provided by experiments in which the onset of the X pulse was
2

delayed from the start of the X pulse. If T is the intermediate level for gated hole
*1 1

production, the persistent hole depth should decrease with increasing delay, and the decay

should reflect the lifetime of T, T In order to achieve reasonable temporal resolution, short

(ca. 40-100 ms) A pulse-widths (irradiation times) were used in these experiments. Because

of the nature of the photoreaction, the A pulse-widths were chosen to be several times longer
2

than the triplet lifetime, to allow maximum photoreaction of the triplet population. In this

zi ' 6
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sense, the X pulse should "develop" all the triplets which are formed, to maximize the PHB2

yield. We have found that the decrease in hole depth with increasing delay does depend on the

triplet lifetime for the TZT/CtHC1 /PMMA, TMT/CHCI /PMMA and";3 3

TMT/CH Br /PMMA systems (the only ones studied in this manner). As an example, the..- 2 2

results of such a delay experiment are given in Figure 9; the filled boxes represent the data for

the TMT/CHCI /PMMA system., ? 3

We have also performed a series of computer simulations of the delay experiments to

determine the theoretical shape of the decay curves for comparison with those experimentally

obtained, as further proof of the mechanism. The curves are not simple single exponential

decays because the X pulse-widths were comparable to the triplet lifetimes. For the

simulations, we used the kinetic rate equations appropriate for the photophysical system

depicted in Figure 1. The four coupled differential equations are:

dS0
dt - RI(S 1 - SO) + kfS1 + kpT1  (3)

dS1dt= -RI(S 1 - SO) - (kf + kjsc)S 1  (4)
dT1

dt R2 (Tn - T1) + kjscSI + kT-TTn - k T1  (5)

S. d T nV dt~ = -R 2 (Tn - T I ) - (I + 1)kT_TTn (6)

dt

where S , S ,T and T here denote the populations of the corresponding states: R and R are
0 11 n I 2

the S .--S0 and T .- TI pumping rates, respectively; and k f, k p, k isc, kT.T and k T T are the

rate constants for the various transitions as defined in Figure 1. (It should be noted that k. . f

represents the total S1 -, So depopulation rate: internal conversion between these states has

041°).

----------------------------------------------------------------, -- ~
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been shown to be negligible [211 [17] . Also, k represents the total depopulation rate for
P

T- So i. e., kp = 
1 /TT ). Actual values for the pulse-widths, intensities, wavelengths and

delays were included, and the coupled equations were solved using Gear's stiff integration

method with full Jacobians [27]. The output consisted of the time evolution of the four states,

and the final hole depth was calculated from the fraction of the population which returned to

S after sufficient time for all excited states to relax.
0

The values of all the rate constants used in the simulations are given in Table III. The k

values were determined at low temperature using actual PHB samples by monitoring the

recovery of the S -S absorption following bleaching via pulsed dye-laser excitation into the
1 0

porphyrin Soret band. Because of the large k values for these systems (vide infra),

substantial fraction (-87% for the TZT case) of the total population could be placed into T1

with a single laser pulse, making this method a convenient way of measuring the triplet

lifetimes. The k value was estimated from the width of the T-T spectral peak shown inT-T

Figure 8, and taken from Reference [26]. The values for the other photophysical rate

constants were taken from the literature for the related molecules Zn- or

Mg-tetrabenzoporphyrin as appropriate [21] [171 . The values for q, which is approximately

the quantum yield per gating photon absorbed, were the only adjustable parameters and were

chosen to give simulated hole depths identical to the experimental hole depths at zero delay.

The results of the simulation for the TMT/CHCI /PMMA system are shown as the solid line'-" 3

in Figure 9, and give excellent agreement with the results of the actual PHB delay experiment.

Ne We feel that the agreement between this simulation and the experimental results, together with

.s the measured X action spectrum, provide convincing evidence that a T-T transition is
2

responsible for the absorption of X and, therefore, that some upper triplet level is involved in
te h2

the hole formation process.
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Further evidence for the proposed mechanism may be obtained from the spectrum of the

PHB photoproduct. The spectrum in Figure 10, obtained from the TMT/CH-CI /PMMA* 3

system, was derived by subtracting the absorption spectrum obtained after prolonged 2-color

PHB over a range of X 's from the absorption spectrum obtained prior to hole-burning (seeI

Figure 3). In regions where the product and educt absorbances do not overlap, new (product)

absorbances appear as positive absorbance changes while lost (educt) absorbances appear as

negative absorbance changes. One can see in Figure 10 that there is a loss of absorbance at

all educt absorption wavelengths, indicating broadband P11B under these severe conditions.

The only identifiable product absorption begins on the low energy side of the Soret band as a

broad feature starting at -500 nm, continues rising to higher energies, coming to a fairly sharp

peak at -440 nm (overlapping the strong Soret absorption of TMT), and then falling back to

a featureless broad absorption below 400 nm. The dashed line in the figure shows how the

TMT negative peak might look in the absence of the overlapping product absorntion peak.

These spectral features of the product absorption are nearly identical to the room temperature

absorption of TMT we obtained either through chemical oxidation by adding I to a," 2

°T'MT/CHCI solution after the method in Reference [28], or by two-color irradiation of a3

room temperature solution. Similar results were obtained for the other systems studied Thus,

in every case, we identify the chromophore photoproduct to be the porphyrin monocation.

(Unfortunately, any spectral changes in the acceptor absorption lie in a region obscured by the

PMMA absorption [291)

*Previous one-color esr studies of the photochemistry of related Zn-porphyrins in matrices

* containing carbon tetrachloride or other chlorinated hydrocarbons (RCI) at 77 K 1301 [31] 1321

have established that the porphyrin ejects an electron which is accepted by the RC. The

acceptor then undergoes dissociative electron detachment of the form

W
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e- + RCI -. + Cr. (7)

'V We therefore propose the following mechanism for the photon-gating reaction:

P + e- (8)

e + R' Xn - ii' Xn_ 1 + X-. (9)

where P is either TZT or TMT and R'X is one of CHCI , CH Cl or C11 Br . Direct evidence
n 3 2 2 2 2

for reaction 8 comes from the similarity of the porphyrin T-T absorption spectrum to the

observed X action spectrum, and the measured PHB photoproduct spectrum. These data2

indicate sequential absorption of the two colors followed by electron ejection from an upper

triplet level. Evidence for reaction 9 comes from the observations that the photon-gating

effect disappears in the absence of halomethanes and that the magnitude of the effect is

correlated with the CHCI /porphyrin concentration ratio, together with the analogy to
3

previous results (reaction 7). A further indication is the absence of any observed

back-reaction, even at room temperature.

C. Formation of photon-gated spectral holes on ns time scales

These DA-ET systems have some properties which make them good candidates for

photon-gated PIB in a frequency domain optical storage system 1331. Two necessary

properties of a practical frequency domain optical storage device are the use of small laser

spots and short irradiation times (- 30 ns), which provide for high information densities and

rapid data storage and acquisition [341 [351 [361 In order to produce detectable holes using

short irradiations, the efficiency for the overall P1113 process must he high since each impurity

@4U0
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center in the sample may absorb at most a few photons during the short burn time. As an

illustration, consider a fast-burning experiment for a low efficiency system: if the overall PHB

-5 8 -1
efficiency is 10 with a X Ipumping rate of 10 s , a 30 ns irradiation will burn only about

0.003% of the centers. The relatively high overall efficiency for the systems studied in this

work (- 0.01) gives holes which are detectable using ordinary transmission spectroscupy even

e: when burned with very short irradiation times. This high effective quantum yield is limited

by the efficiency of the electron transfer step (q = 0.01). However, the large values for the

S1 -* T, intersystem crossing quantum yields (0.87 for TZT, 0.45 for TMT; see Table I1I)

enable total bleaching of the sample at X with a 30 ns pulse using reasonable (mW) power
S,-" 1

levels. Also, the long triplet lifetimes (see Table III) provide for relatively long X irradiations.
2

This allows a center to undergo multiple X excitations thus increasing the overall yield for the
:" 2

process even with very short X irradiations.

To give an experimental example, Figure 1I shows a hole burned in TZT/CHCI /PMMAa 3
4'.

with 10 mW from the cw dyt laser focused to a 200 Am diameter spot with a si ge 30 ns pulse

(produced by an acousto-optic modulator with contrast ratio greater than 10000:1). The

gating was provided by a simultaneous unfocused 200 ms pulse at 488 nm with 19 mW. Figure

I It(a) is the baseline before burning: trace I l(b) shows a hole burned by the single 30 ns

irradiation. Attempts to produce a measurable one-color hole using these conditions were

unsuccessful. Thus, the overall PHB efficiency of these materials is high enough to produce

easily detectable holes in small spots with very short X irradiation times. The long duration1 
C

of the XA pulse should not be considered a drawback: the large T for these systems allows for2 T

many different X pulses to be applied to the sample to put selected groups of donor molecules

in T . All such molecules can then be "developed" by a single X, irradiation, thereby

amortizing the long X time over the production of many holes. Due to the photon-gating
pr y t2

,.. property, the high efficiency, and the ability to vary the gating characteristics by varying the

$9'



-17-

acceptor concentration and electron affinity, this class of systems exhibits several of the

properties needed for a practical frequency-domain optical sturage medium, and provides an

impetus for further study of DA-ET systems, including linked donor-acceptor molecules [37]

that might provide improved reversibility.
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Table I. Typical Photon Gating Characteristics

System G Aa/a i

TZT/CHC13iPMMA 5 - > 30 0.1 - 0.3

TZT/CH 2CI2/PMMA 4 0.05 - 0.08

TZTiCH 2Br2iPMMA 10 - 15 0.2 - 0.3

TMT,'CHC13i PM MA 40 0.2

TMTiCH 2Br,/PMMA 13 0.2

.. J1

.Sq.

.

"V' 18

o4

j "" . ... • • . . .. . . - . o % .% . . /. % . % . % % . % .q .. . . -,.



Table 11. Dependence of Gating on Donor-Acceptor Concentration Ratio

TZ I CHC13] [CHC13] G

99282.8 x 1035.4

68 10 1.5 x1049

9.6 9.4 9.8x 10 4 1 >1930

19



Table III. Photophysical Rates for the Various Systems

TZT TMT

CHCI3  CH 2CI2  CH 2Br2 CHCI3  CH 2Br 2

kf (106 S-1)a 50.0 83.5

kisc (106 S 1 ) 342 68.3

kTT (1014 sl)b 3.20

kp (s - 1 ) 25.7 21.4 86.2 9.09 29.03

7 0.0346 - - 0.0143 0.0067

N

_-)0

W.

pa.

""" 20
-'I:

•s.4e

aog-_
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i Figure 1. Level diagram for photon-gated PIIB via DA-ET. The structure of the donor

a', molecule is shown in the inset, where M denotes either Zn(IJ) or Mg(lI). The k's denote the

' .' , rate constants for the indicated transitions; a, and 02 are the absorption cross-sections at X,

.and A2 , respectively.
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Figure 3. Low temperature absorption spectrum of TMT/CHCI3 /PMMA.
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Figure 4. Photon-gated PHB in TZT/CHCI3/PMMA. Trace a) shows two holes: the shallow
hole at -5 GHz (0 GHz = 629.6 nm) resulted from a one-color irradiation only (6 s,
17,uW/cm2 ): the deeper hole at +5 GHz resulted from identical X1 conditions together with
simultaneous irradiation with 2 (6 s, 135 mW/cm2 , 514.5 nm). Trace b) was produced

%. similarly except that the one-color feature at -5 GHz (0 Gt-z 630.5 nm) was burned for 120
ON S.
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Figure 5. Hole width vs. X1 burn power at constant X, and X, irradiation times (6 s each,
2= 488 nm, P_ = 19 mW) for photon-gated holes in TZT/CItCI/PMNIA.
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Figure 9. Photon-gated hole depth as a function of X2 delay for TMT/CllCI3,'PMMA. The
filled boxes represent the results of the two-color PHB experiments: the solid line was
generated from a series of delay simulations using the kinetic equations for the photophysical
syst2m depicted in Figure 1 and the parameters listed in Table 111.
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Figure 10. Low temperature PHB product spectrum for TMT'CHIC13 / PMMA obtained by
subtracting an unburned absorption spectrum from one taken after extensive photon-gated
PHB. Downward transitions represent a loss of the originL! absorption. Upward transitions
correspond to the )sorption of the PIIB photoproduct: the only strong peak of this type
occurs nearly at the center of the TMT absorbance at -440 nm. The dashed line shows how
the TMT negative peak might look in the absence of this product absorption.
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*~i Figure II. Short-pulse, small-spot photon-gated hole burning in TZT/CI-CI 3 /PMMA. Trace
a) shows the spectrum before burning; trace b) shows a hole burned using a sn 30 ns X1
pulse (10 mW peak power) focused to a 200 /m diameter spot together with an unfocused (0.4
cm diameter) X2 pulse at 488 nm for 200 ms with 19 mW. The curvature in the two spectra
is repeatable and due to weak Fabry-Perot resonances in the optical system. The hole depth
corresponds to approximately a 1% change in transmittance.
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